We have determined the distribution of aluminum in the epidermal cells of mature tea leaves using micro-beam particle-induced X-ray emission. The observed pattern of aluminum distribution in the epidermal cells suggests that aluminum exists in cell walls. Silicon exhibits a distribution that is nearly identical to that of aluminum, suggesting co-localization with aluminum.
Introduction
Aluminum (Al) is a key chemical element found in soil. It is soluble under acidic conditions, and its ionic form is toxic to almost all plants. However, the tea plant Camellia sinensis requires Al for its growth and development and accumulates relatively high concentrations of Al in the 10,000-ppm range of its leaves without any significant adverse effects. Numerous studies investigating Al concentrations [1] and distribution [2] in tea leaves have been performed. However, the mechanisms of Al toxicity tolerance and detoxification in tea plants remain unclear.
We have previously studied the concentrations and distributions of various elements, including Al, in tea leaves using multi-elemental capabilities and the spatial resolving power of micro-beam particle-induced X-ray emission (PIXE) and particle-induced γ-ray emission spectroscopy (PIGE) [3] [4] [5] . We observed that Al concentrations in a young leaf were approximately several hundred ppm and that Al was distributed uniformly across the leaf; however, in a mature leaf, the concentrations increased up to nearly 10,000 ppm, and Al was localized in the epidermis, particularly the upper epidermis. The spatial distribution of silicon (Si) is reportedly similar to that of Al [3] . The findings support the suggestion that Al is detoxified through the production of aluminosilicate compounds [6, 7] . Recently, we also investigated the distribution of fluorine (F) in tea leaves using micro-beam PIGE and observed that F is also localized in epidermal cells.
X-ray microanalysis performed by Carr et al. revealed that Al was preferentially accumulated in epidermal cell walls in tea leaves [8] . In addition, Gao et al. conducted a chemical analysis of the cell wall, organelle, and cytoplasm elemental fractions in young tea leaves and reported that more Al and F were accumulated in cell walls than in vacuoles [9] .
In our previous studies, we could not reveal the subcellular distribution of the elements. Therefore, in the present study, we attempted to improve the target preparation method to maintain the cellular structure with the aim of determining the localization of Al in epidermal cells at a subcellular resolution by decreasing the micro-beam size as much as possible.
Experimental
Several tea bushes (C. sinensis cv. Asahi) were kindly provided by the Tea Industry Research Division, Agriculture and Forestry Technology Department, Kyoto Prefectural Agriculture, Forestry and Fisheries Technology Center, Japan. When the first leaves emerged in early spring, we marked a sufficient number of leaves using colored tape and after nearly one year, we plucked the marked mature leaves. The leaves were washed and rinsed with distilled water. Previously, we freeze-dried the leaves first and then inserted the freeze-dried tea leaves into small pieces of pith and cut them into thin transverse cross sections using freehand sectioning. Close examination of the specimens under a microscope revealed that considerable parts of the epidermal cells were damaged by the procedure. In the present study, we have altered the order of procedures, and therefore, we cut the tea leaves first and then freeze-dried them. In the actual procedure, we cut the tea leaf in a small dish filled with liquid nitrogen. Sliced pieces that fell into liquid nitrogen froze instantly. Subsequently, we selected the appropriate sections and freeze-dried them. To examine the cell structures, we selected some sections, stained them with safranin, and observed them under a microscope. Figure 1 is a photograph of a leaf cross section stained with safranin. The cell walls are dyed red. In Figure 1a , both the upper and lower epidermis are stained well. In addition, Figure 1b shows that the structures of almost all the cells of the upper epidermis cells were preserved well. 
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We used the microprobe beamline at the Wakasa Wan Energy Research Center [10] [11] [12] , and the micro-PIXE measurements were conducted using a proton beam with an energy of 2.5 MeV. The smallest beam size attained with the facility was less than 1 μm x 1 μm [12] . The typical epidermal cell in the examined tea leaf was approximately 12 μm thick, 10-20 μm wide, and the thickness of the cell wall was about 3 μm. A small beam size is essential for the observation of subcellular structures. In addition, an adequate beam current is required for the determination of elemental distribution. Therefore, the beam spot was determined to be around 3 μm at beam currents of about 10 pA. Four hours were required to obtain a 2D image per scan. At first, the scanning area was set to 400 μm 2 to cover the entire cross section. Eventually, the scanning area was confined to 80 μm 2 including three epidermal cells.
Results and Discussion
Figure 2 presents a typical X-ray spectrum of mature tea leaves obtained using micro-PIXE measurements. Figure 1 shows that Al, Si, phosphorus (P), sulfur, chlorine, potassium (K), calcium (Ca), and manganese were detected in the present setup. The positions of each K X-ray peak are indicated by the arrows. The spatial distribution of each element was obtained by gating the energy with the colored areas as shown in Figure 1 and sorting the position information of the list data. The The thickness of the section was about 200 µm. Only good sections were affixed to a carbon plate with an adhesive conducting tape. We observed the sections carefully under a microscope and marked undamaged sites that would be appropriate for micro-beam measurements.
We used the microprobe beamline at the Wakasa Wan Energy Research Center [10] [11] [12] , and the micro-PIXE measurements were conducted using a proton beam with an energy of 2.5 MeV. The smallest beam size attained with the facility was less than 1 µm × 1 µm [12] . The typical epidermal cell in the examined tea leaf was approximately 12 µm thick, 10-20 µm wide, and the thickness of the cell wall was about 3 µm. A small beam size is essential for the observation of subcellular structures. In addition, an adequate beam current is required for the determination of elemental distribution. Therefore, the beam spot was determined to be around 3 µm at beam currents of about 10 pA. Four hours were required to obtain a 2D image per scan. At first, the scanning area was set to 400 µm 2 to cover the entire cross section. Eventually, the scanning area was confined to 80 µm 2 including three epidermal cells. Figure 2 presents a typical X-ray spectrum of mature tea leaves obtained using micro-PIXE measurements. Figure 1 shows that Al, Si, phosphorus (P), sulfur, chlorine, potassium (K), calcium (Ca), and manganese were detected in the present setup. The positions of each K X-ray peak are indicated
by the arrows. The spatial distribution of each element was obtained by gating the energy with the colored areas as shown in Figure 1 and sorting the position information of the list data. The width of the energy gate was set at 1.5 times the fitted full width at half maximum for each element. Except for Ca, the gated energy region did not overlap in all the elements.
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Quantum Beam
As a next step, the scanning area was narrowed down to 80-µm squares to observe subcellular elemental distribution in the upper epidermis cells. However, we obtained a rather wide beam of 4 µm. Figure 4 presents the elemental spatial distributions of Al, Si, K, and P. Sci. 2019, 3, 9 4 of 6 Figure 3 . Elemental distributions of (a) Al and (b) K in the whole leaf. Al was located in both epidermises, while potassium was distributed all over the leaf showing some structure.
Al distribution is illustrated in Figure 3a . The localization in the upper epidermis is clearly visible, in addition to the relatively low levels in the lower epidermis. The concentration in the mesophyll cells is considerably low in comparison to the concentration in the epidermis. The Al concentration trends are consistent with our previous observations [3, 4] .
As a next step, the scanning area was narrowed down to 80-μm squares to observe subcellular elemental distribution in the upper epidermis cells. However, we obtained a rather wide beam of 4 μm. Figure 4 presents the elemental spatial distributions of Al, Si, K, and P. Based on Figure 4a , Al was located in the upper epidermis cell wall. We can observe four epidermis cells. The result of Al distribution is consistent with the observations of Carr et al. based on energy dispersive X-ray microanalysis [8] and Tolrà et al. based on low-energy X-ray fluorescence spectro-microscopy [13] , which led to the conclusion that Al is localized in the cell wall. In the present study, Si was also localized in the cell wall. Although the Al and Si co-localization in the epidermis was observed in our previous study [3] , the present study reveals their co-localization at a subcellular Based on Figure 4a , Al was located in the upper epidermis cell wall. We can observe four epidermis cells. The result of Al distribution is consistent with the observations of Carr et al. based on energy dispersive X-ray microanalysis [8] and Tolrà et al. based on low-energy X-ray fluorescence spectro-microscopy [13] , which led to the conclusion that Al is localized in the cell wall. In the present study, Si was also localized in the cell wall. Although the Al and Si co-localization in the epidermis was observed in our previous study [3] , the present study reveals their co-localization at a subcellular level and at a higher resolution. To the best of our knowledge, this is the first observation Quantum Beam Sci. 2019, 3, 9 5 of 6 of Al and Si co-localization in epidermal cell walls of mature tea leaves. The result suggests that Al and Si form a complex. Some inorganic anions, such as F − , Si + , and sulfate, can create stable complexes with Al and reduce its toxicity [14, 15] . Britez et al. observed Al and Si in Faramea marginata, and their results suggested that hydroxy-aluminosilicate was formed in the shoot tissues and was a mechanism of Al detoxification [6] . The results of the present study also suggest the formation of hydroxy-aluminosilicate in tea leaves is a detoxification mechanism.
Tolrà et al. also investigated the distribution of Si and reported that Si was located mainly in mesophyll cells and that the cell walls of the epidermis had much lower Si contents. The reason for the inconsistency between the present study and Tolrà et al. is not clear. They used hydroponically cultivated tea plants aged approximately 14 weeks as samples; conversely, we used cuttings of leaves aged about one year from a tea garden. The difference in the cultivation conditions and the ages of the tea leaves could be the source of the inconsistency in Si distribution. Figure 4c ,d illustrate the elemental distributions of K and P. The two elements were distributed all over the leaf. However, K seemed to be distributed more in the lower part of the epidermal cells or in the upper parts of the palisade layer. However, P was distributed relatively less in the epidermal cells but much more in the palisade cells, which is consistent with the findings of Tolrà et al. [13] .
Conclusions
We measured the Al distribution in epidermal cells of mature tea leaves using micro-beam PIXE. The observed Al distribution suggests that Al is localized in the cell wall. In addition, Si exhibits a rather similar distribution. The results suggest that Al and Si form a complex in epidermal cells of matured tea leaves. Although the micro-PIXE could not identify the forms of the compounds it could reveal their molar ratios, which is critical information for the determination of the forms of the compounds based on quantitative measurements, which could be explored in further investigations. Funding: This research received no external funding.
